in the distal nephrons of euryhaline and seawater pufferfishes. Am J Physiol Regul Integr Comp Physiol 300: R284 -R297, 2011. First published November 17, 2010 doi:10.1152/ajpregu.00725.2009.-The process of NaCl reabsorption in the distal nephron allows freshwater fishes to excrete hypotonic urine and seawater fishes to excrete urine containing high concentrations of divalent ions; the relevant transporters, however, have not yet been identified. In the mammalian distal nephron, NaCl absorption is mediated by Na ϩ -K ϩ -Cl Ϫ cotransporter 2 (NKCC2, Slc12a1) in the thick ascending limb, Na ϩ -Cl Ϫ cotransporter (NCC, Slc12a3) in the distal convoluted tubule, and epithelial sodium channel (ENaC) in the collecting duct. In this study, we compared the expression profiles of these proteins in the kidneys of euryhaline and seawater pufferfishes. Mining the fugu genome identified one NKCC2 gene and one NCC gene, but no ENaC gene. RT-PCR and in situ hybridization analyses demonstrated that NKCC2 was highly expressed in the distal tubules and NCC was highly expressed in the collecting ducts of euryhaline pufferfish (mefugu, Takifugu obscurus). On the other hand, the kidney of seawater pufferfish (torafugu, Takifugu rubripes), which lacked distal tubules, expressed very low levels of NCC, and, in the collecting ducts, high levels of NKCC2. Acclimation of mefugu to seawater resulted in a 2.7ϫ decrease in NCC expression, whereas NKCC2 expression was not markedly affected. Additionally, internalization of NCC from the apical surface of the collecting ducts was observed. These results suggest that NaCl reabsorption in the distal nephron of the fish kidney is mediated by NCC and NKCC2 in freshwater and by NKCC2 in seawater. distal tubule; collecting duct; NKCC2; NCC; fish kidney; dilute urine FRESHWATER FISHES LIVE IN hypo-osmotic environments, resulting in significant influx of water into the body, mainly across the gills. To maintain body fluid homeostasis, freshwater fishes import ions from surrounding water through the gills (13, 22) or from the diet, and excrete excess water in hypotonic urine (ϳ10 mM Na ϩ and Cl Ϫ ) through the kidneys (30). To increase urine volume (i.e., water excretion), freshwater fishes secrete NaCl in the proximal tubule and draw interstitial water into the tubular lumen (9); this proximally introduced NaCl should be reabsorbed in the distal nephron. Reabsorption of Na ϩ and Cl Ϫ ions from urine under water-impermeable conditions is, therefore, essential for net water excretion and the survival of fishes in freshwater. Na ϩ and Cl Ϫ reabsorption is also important for seawater fishes. Unlike freshwater fishes, however, seawater fishes experience passive water efflux. To balance water loss, seawater fishes absorb water and ions through the intestine by drinking large amounts of seawater (17). Surplus ions are excreted mainly through the gills (13, 22), although divalent ions (Mg 2ϩ and SO 4 2Ϫ ) are excreted through isotonic urine (4, 30). To produce urine with high concentrations of Mg 2ϩ (ϳ140 mM) and SO 4 2Ϫ (ϳ80 mM), seawater fishes secrete Mg 2ϩ and SO 4 2Ϫ via the proximal tubule. These divalent ions are further concentrated following Na ϩ and Cl Ϫ reabsorption, which accompanies water reabsorption (4).
FRESHWATER FISHES LIVE IN hypo-osmotic environments, resulting in significant influx of water into the body, mainly across the gills. To maintain body fluid homeostasis, freshwater fishes import ions from surrounding water through the gills (13, 22) or from the diet, and excrete excess water in hypotonic urine (ϳ10 mM Na ϩ and Cl Ϫ ) through the kidneys (30) . To increase urine volume (i.e., water excretion), freshwater fishes secrete NaCl in the proximal tubule and draw interstitial water into the tubular lumen (9) ; this proximally introduced NaCl should be reabsorbed in the distal nephron. Reabsorption of Na ϩ and Cl Ϫ ions from urine under water-impermeable conditions is, therefore, essential for net water excretion and the survival of fishes in freshwater. Na ϩ and Cl Ϫ reabsorption is also important for seawater fishes. Unlike freshwater fishes, however, seawater fishes experience passive water efflux. To balance water loss, seawater fishes absorb water and ions through the intestine by drinking large amounts of seawater (17) . Surplus ions are excreted mainly through the gills (13, 22) , although divalent ions (Mg 2ϩ and SO 4 2Ϫ ) are excreted through isotonic urine (4, 30) . To produce urine with high concentrations of Mg 2ϩ (ϳ140 mM) and SO 4 2Ϫ (ϳ80 mM), seawater fishes secrete Mg 2ϩ and SO 4 2Ϫ via the proximal tubule. These divalent ions are further concentrated following Na ϩ and Cl Ϫ reabsorption, which accompanies water reabsorption (4) .
The nephrons of freshwater and euryhaline fishes are composed of a glomerulus, a proximal tubule, a distal tubule, and a collecting duct, whereas nephrons in seawater fishes lack the distal tubule (12, 19, 38) . The proximal tubule is an electrically "leaky" epithelium that secretes, rather than reabsorbs, fluid and electrolytes in both freshwater and seawater (5, 9) . The proximal tubule also secretes Mg 2ϩ and SO 4 2Ϫ that will be excreted in seawater (4, 26) . The distal tubule, which is nearly impermeable to water and reabsorbs Cl Ϫ , functions as a diluting segment (37) . The collecting duct has not been well characterized in either freshwater or seawater fishes. In mammalian nephrons, Na ϩ and Cl Ϫ ions are reabsorbed by Na 
-Cl
Ϫ cotransporter 2 (NKCC2) in the thick ascending limb (15, 18) , Na ϩ -Cl Ϫ cotransporter (NCC) in the distal convoluted tubule (40) , and epithelial Na ϩ channel (ENaC) in the collecting duct (39) . In contrast to mammals, fish transporters involved in renal Na ϩ and Cl Ϫ reabsorption have not been identified; the exception is Na ϩ /H ϩ exchanger 3 (NHE3), which has been detected in the apical membrane of the proximal tubule of rainbow trout (25) where it may reabsorb Na ϩ . To identify transporters that mediate Na ϩ and Cl Ϫ reabsorption in the distal nephron and compare their expression profiles in freshwater and seawater fishes, the following experiments were designed to take advantage of two very closely related Takifugu species: mefugu (Takifugu obscurus) and torafugu (tiger pufferfish, Takifugu rubripes) (26, 28) . The genome sequence of torafugu is available, and the nucleotide sequences of the mefugu and torafugu genomes are 99% identical based on random sequencing of several known genes, including noncoding regions (27, 56) . Another advantage of mefugu is that it can live in both freshwater and seawater and has freshwater-type nephrons with a distal tubule, whereas torafugu is capable of living only in seawater and has seawatertype nephrons lacking the distal tubule (27) . Comparison of the expression profiles of NCC and NKCC2 in the kidneys of these two species and in the kidneys of freshwater and seawater mefugu may clarify whether the transporters are involved in water excretion by freshwater fish and/or water retention by seawater fish.
In the present study, we isolated mefugu NCC and NKCC2 cDNA using a fugu genome database as a guide (http:// genome.jgi-psf.org/Takru4/Takru4.home.html) and performed RT-PCRs, quantitative real-time PCR, in situ hybridization, and immunohistochemistry. Our results show that 1) NCC is highly expressed in the mefugu kidney but at lower levels in the torafugu kidney; 2) NCC is localized on or near the apical membrane of collecting ducts in freshwater mefugu, and is expressed at lower levels in seawater mefugu; 3) NKCC2 is highly expressed in the kidney of freshwater mefugu, seawater mefugu, and torafugu; and 4) NKCC2 is expressed in the distal tubule of mefugu and in the collecting duct of torafugu. These findings provide evidence that renal NCC and NKCC2 are involved in acclimation to freshwater and that renal NKCC2 contributes to adaptation to seawater.
MATERIALS AND METHODS

Animals and transfer experiments.
The animal protocols and procedures were approved by the Institutional Animal Care and Use Committee of the Tokyo Institute of Technology and conform to the American Physiological Society's "Guiding Principles in the Care and Use of Laboratory Animals" (2) . Mefugu (T. obscurus), torafugu (T. rubripes), higanfugu (Takifugu pardalis), and komonfugu (Takifugu poecilonotus) were purchased from a local dealer and kept in 150-liter tanks at 18 -22°C. Mefugu were first cultured in brackish water (14% seawater) for at least 1 day. The fish were then transferred either to natural seawater or to freshwater, and kept for 7-9 days. The freshwater was supplied by Yokohama City Waterworks Bureau and was aerated for 48 h before use to remove residual hypochlorite ions. The published concentrations of Na ϩ and Cl Ϫ , and the hardness (calcium carbonate equivalents) of the water were ϳ0.3, ϳ0.2, and ϳ0.5 mM, respectively. Torafugu, higanfugu, and komonfugu were cultured in natural seawater or artificial seawater (Rohtomarine, ReiSea , Tokyo, Japan). The published concentrations of major ions in the artificial seawater were 460 mM Na ϩ , 550 mM Cl Ϫ , 11 mM Ca 2ϩ , 52 mM Mg 2ϩ , 9.7 mM K ϩ , and 28 mM SO 4 2Ϫ . RNA isolation. Pufferfishes were anesthetized with the fish-culture water containing tricaine methanesulfonate (MS-222, 200 -500 mg/l) (Nacalai Tesque, Kyoto, Japan), neutralized to pH 7 with NaHCO 3 powder, and then the kidneys, gills, and urinary bladders were removed with ophthalmic scissors. Total RNA was isolated from the kidneys using the acid guanidinium thiocyanate-phenol-chloroform extraction method with Isogen (Nippon Gene, Tokyo, Japan). The concentration and quality of RNA were measured on the basis of UV absorbance at 260 nm and 280 nm and checked using denaturing agarose gel electrophoresis.
Molecular cloning of mefugu NCC and NKCC2. The genes encoding torafugu NCC and NKCC2 were identified by mining a fugu genomic database (http://genome.jgi-psf.org/Takru4/Takru4.home.html). Fulllength cDNAs encoding mefugu NCC (mfNCC) and mefugu NKCC2 (mfNKCC2) were isolated from the kidney of freshwater mefugu using RT-PCRs and the following primers: mfNCC, ATGGAGTCACCAGT-GGTCAG and TCATTGGCAATAAAAGGTGAGAACA (mfSlc12a3, 3075 bp); and mfNKCC2, ATGGAGTCAGACAGGCAGGT and TCAGGAGTAGAATGTGAGCACG (mfSlc12a1, 3105 bp). cDNA fragments representing NCC and NKCC2 were isolated from the kidneys of higanfugu and komonfugu seawater pufferfishes using RT-PCRs and the following primers: NCC, TGCTGCAGGGTGCGGGATT and GGTTTCCTCTGACCAGGAGAACC; and NKCC2, GCTTACGAA-GACCAAACGGAAGG and GGCACCTGGTCATGTGCACAC. cDNAs were directly sequenced or subcloned into pBluescript II SK(Ϫ) (Stratagene, CA) and then sequenced. The sequences have been deposited under GenBank/EMBL/DDBJ accession numbers AB479211, AB479212, AB563729, AB563730, and AB573173-AB573176.
Analyses of the primary structures of mfNCC and mfNKCC2. The amino-acid sequences of NCC proteins from fishes (Slc12a3 and Slc12a10) were aligned with those from mammals (Slc12a3) using Genetyx software (Genetyx, Tokyo, Japan). Twelve putative transmembrane domains were identified in mfNCC using ConPred (http:// bioinfo.si.hirosaki-u.ac.jp/ϳConPred2/). Membrane topology was predicted by comparing the results with estimates from flounder NCC (16) . Extracellular N-linked glycosylation motifs were assessed using Genetyx software. We manually searched for the intracellular Ste20/ SPS1-related proline/alanine-rich kinase (SPAK)/oxidative stress response 1 (OSR1)-binding motif RFxI/V (41, 42) . The phosphorylation sites in mammalian NCC, which were experimentally determined by Richardson and colleagues (41, 42) , are also indicated in the aligned proteins.
To analyze the phylogenetic relationship among fish NCCs (Slc12a3 and Slc12a10), fish NKCCs (Slc12a1 and Slc12a2), mammalian NCC (Slc12a3), and mammalian NKCCs (Slc12a1 and Slc12a2), the amino-acid sequences were aligned using ClustalW software (51) and a phylogenetic tree was constructed using MEGA software (49) based on the neighbor-joining method with 2,000 bootstrap replicates.
Semiquantitative RT-PCR. RNA preparations from pufferfish tissues were reverse-transcribed using the SuperScript III first-strand synthesis system (Invitrogen, Carlsbad, CA). The cDNA (0.125 l of the SuperScript III reaction) was used as the template for PCRs with specific primers for either NCC or NKCC2. The primer sequences were as follows: GCATTTGATCTGCAGTATGG (f30#01) and GCATCTCTGGAATAATCATGG (f30#02a) for a 632-bp fragment of NCC; GATCGGCTTTAAGAGCAACT (f1#01) and AATGT-GAGCACGCTCTTG (f1#02a) for a 939-bp fragment of NKCC2; and AGCGTGGGTACTCCTTCACTAC and TCGTACTCCTGCTTGCTG-ATCC for a 652-bp fragment of ␤-actin. These primers anneal to cDNAs encoding NCC or NKCC2 from mefugu, torafugu, higanfugu, and komonfugu (see Supplemental Figs. S1 and S2 in the online version of this article). Each reaction consisted of 0.125 l of cDNA, 0.2 M each primer, 5 l of 10ϫ Ex Taq Buffer, 0.25 mM dNTP, 0.125 U of Ex Taq (Takara Bio, Otsu, Japan), and nuclease-free water in a final volume of 25 l. The PCR conditions were as follows: for mefugu NCC, 27 or 32 cycles of denaturation (94°C, 15 s), annealing (51°C, 30 s), and extension (72°C, 1 min); and for mefugu NKCC2, 27 or 32 cycles of denaturation (94°C, 15 s), annealing (52°C, 30 s), and extension (72°C, 1 min). After PCR amplification, 5 l of each reaction mixture was run on a 1.2% agarose gel in Tris-HCl/acetic acid/EDTA buffer. The gel was stained with 0.5 g/ml ethidium bromide, and the fluorescence image was analyzed with a Kodak Image Station 2000R system (Eastman Kodak, Rochester, NY).
Real-time PCR. Expression levels of NCC and NKCC2 were quantified using real-time PCRs. Total RNA was extracted from the tissues of mefugu acclimated to saltwater or freshwater (n ϭ 4 -5 for each group), and reverse-transcribed into cDNA using oligo(dT) primer and the SuperScript III first-strand synthesis system (Invitrogen). Multiplex realtime PCRs were performed to quantify NCC and NKCC2 mRNA expression; GAPDH mRNA was amplified as an endogenous control. Reactions were performed using the SYBR Green method and a SYBR Premix Ex Taq II Kit (Takara Bio) on a Thermal Cycler Dice Real Time System (Takara Bio). Results were analyzed using relative standard curves, and melting curve analysis and agarose gel electrophoresis were performed after amplification. The primer sequences were as follows: AGAGAAGAACAAGAGCAAGTC and ATCATGTGAGAG-GAAGTCCA for NCC; TTGCAGGACAACCCGAACGCA and TG-CAGACGGAACGGCTCGATCA for NKCC2; and GGCCCAAT-GAAAGGCATTCT and TGGGTGTCGCCGTTGAA for GAPDH. The mRNA concentrations were normalized to GAPDH levels. Experiments were performed in duplicate. Data are expressed as the means Ϯ SE. Significant differences were statistically analyzed using ANOVA followed by the Tukey-Kramer test with GraphPad Prism software (Prism 5.0, GraphPad, San Diego, CA).
In situ hybridization. Kidneys from freshwater mefugu and seawater torafugu were perfused and fixed with 10% phosphate-buffered neutral formalin (Muto Pure Chemicals, Tokyo, Japan), harvested, embedded in paraffin, and sectioned (4 m). A 718-bp fragment of mfNCC cDNA (nucleotides 1931-2648) and a 728-bp fragment of mfNKCC2 cDNA (nucleotides 2352-3079) were used as DNA templates for the preparation of digoxigenin (DIG)-labeled riboprobes. DIG RNA labeling mix (Roche Diagnostics, Mannheim, Germany) was used to synthesize DIG-labeled sense and antisense probes. Alkaline phosphatase-conjugated anti-DIG antibodies and nitro blue tetrazolium/bromochloroindolyl phosphate substrates were used to visualize hybridization, followed by counterstaining with Kernechtrot (Muto Pure Chemicals, Tokyo, Japan).
Serial sections were stained with hematoxylin-and-eosin (Muto Pure Chemicals) or anti Na
Immunohistochemical analyses were performed using anti-eel Na ϩ -K ϩ -ATPase ␣-subunit rabbit antiserum (1:10,000 dilution) (33) , and the labeling was visualized using avidin-biotin-peroxidase complexes (Vectastain ABC kit; Vector Laboratories, Burlingame, CA) and 3,3=-diaminobenzidine tetrahydrochloride as described previously (28) . Images were obtained with a TOCO automatic virtual slide system (Claro, Hirosaki, Japan) and a microscope equipped with a digital charge-coupled device (CCD) camera (AxioCam HRc; Carl Zeiss, Oberkochen, Germany), and processed with AxioVision 4.1 software (Carl Zeiss).
Antibody production. Antigen was produced from a cDNA fragment encoding a C-terminal region of mfNCC (amino-acid residues 763-973), which was isolated from mefugu kidney using RT-PCRs, subcloned into the EcoRV site of the pHAT10 bacterial expression vector (Clontech, Mountain View, CA), and transformed into BL21(DE3)/pLysS Escherichia coli (Novagen, San Diego, CA). Bacteria were cultured in 1 liter of LB broth (1% tryptone, 0.5% yeast extract, and 1% NaCl) containing 100 g/ml ampicillin. Cultures were grown to an A600 of 0.5 at 37°C, and protein expression was induced for 3 h at 37°C by adding isopropyl-1-thio-␤-D-galactopyranoside to a final concentration of 1 mM. The cells were harvested, resuspended in 20 ml of PBS containing 1 mg/ml lysozyme (Seikagaku, Tokyo, Japan), and disrupted by freezing-thawing and sonication. After centrifugation (10,000 g at 4°C), the precipitate was washed with PBS and dissolved in 8 M urea. HAT-tagged recombinant protein was purified using Talon metal affinity resin (Clontech) and dialyzed against saline at 4°C. Polyclonal antibodies were prepared in two WKY/Izm rats (Japan SLC, Shizuoka, Japan) by injecting purified recombinant proteins emulsified with Freund's adjuvant. Blood was collected 7 days after the third immunization.
Cell culture, transfection, immunocytochemistry, and Western blot analysis. Antibody specificity was established by staining COS7 (SV40-transformed African green monkey kidney fibroblast cell line) cells exogenously expressing mefugu NCC and NKCC2 proteins. Full-length mfNCC and mfNKCC2 cDNA was subcloned into the p3ϫFLAG-CMV10 vector (Sigma-Aldrich, St. Louis, MO). COS7 cells were cultured in DMEM (Sigma-Aldrich) containing 10% FBS, 100 U/ml penicillin, and 100 g/ml streptomycin. The cells were transfected with plasmids encoding FLAG-mfNCC or FLAG-mfNKCC2, or an empty vector (mock transfection) using Lipofectamine 2000 (Invitrogen), according to the manufacturer's instructions.
For immunofluorescence experiments, the cells were fixed with 4% paraformaldehyde (PFA) in PBS (pH 7.4) at 4°C for 10 min, permeabilized with 0.1% Triton X-100 in PBS at 4°C for 10 min, and blocked with 5% FBS in PBS for 30 min at room temperature. After blocking, cells were incubated with anti-mfNCC antiserum (1:1,000 dilution) and mouse M2 anti-FLAG monoclonal antibodies (3.5 g/ml, Sigma-Aldrich) for 1 h at room temperature followed by Alexa Fluor 488-labeled goat polyclonal antibodies specific for rat or rabbit IgG and Alexa Fluor 546-labeled goat polyclonal antibodies specific for mouse IgG (Invitrogen) for 30 min at room temperature. Nuclei were stained with Hoechst 33342 (100 ng/ml; Invitrogen). Fluorescence images were obtained with a laser confocal microscope (TCS-SPE, Leica, Wetzlar, Germany) using a fixed setting and processed with LAS AF software (Leica).
For Western blot analyses, 20 g of protein samples were dissolved in 5ϫ Laemmli buffer (50 mM Tris containing 2% SDS, 10% glycerol, and 0.1% bromophenol blue at pH 6.8) in the presence of 1% ␤-mercaptoethanol, heated at 65°C for 10 -15 min, and electrophoresed through a 10% SDS-polyacrylamide gel. Proteins were then transferred electrophoretically to Protran nitrocellulose transfer membrane (Schleicher & Schuell, Keene, NH) with a semi-dry blotting apparatus (Atto, Tokyo, Japan) using Bjerrum and Schafer-Nielsen buffer (48 mM Tris, 39 mM glycine, 20% methanol, and 0.1% SDS) for 45-60 min at ϳ1.0 mA/cm 2 .
The blot was blocked with 5% nonfat dry milk in Tris-buffered saline with Tween (TBS-T; 0.05% Tween 20, 150 mM NaCl, and 10 mM Tris·HCl at pH 7.6) for 1 h at room temperature. After washing 3 times for 10 min each with TBS-T, the membranes were treated with rat anti-mfNCC antiserum (1:3,000 dilution) in TBS-T for 1.5 h at 37°C or with mouse M2 anti-FLAG monoclonal antibodies (0.7 g/ml) in TBS-T for 2 h at room temperature. After washing 3 times for 10 min each with TBS-T, the blot was incubated for 2 h at room temperature with appropriate secondary antibodies conjugated with horseradish peroxidase (1:10,000 dilution; Jackson Immunoresearch, West Grove, PA) in TBS-T. After washing 3 times for 10 min each with TBS-T, the blot was visualized with Immobilon Western Chemiluminescent HRP Substrate (Millipore, Billerica, MA) and analyzed with a Kodak Image Station 2000R.
Immunohistochemistry. Kidneys from mefugu and torafugu were fixed in 4% PFA in 100 mM phosphate buffer (pH 7.4) at 4°C for 2 h, and rinsed in PBS. The tissues were cryoprotected through a series of increasing sucrose concentrations up to 20% and quick frozen in optimum cutting temperature compound (Sakura Finetek, Tokyo, Japan). Frozen sections (6 m) were prepared, permeabilized with 0.1% Triton X-100 in PBS at 20°C for 10 min, incubated with 5% FBS (Invitrogen) in PBS at 20°C for 1 h, and incubated with rat anti-mfNCC antiserum (1:1,000) in PBS containing 2% FBS at 20°C for 16 h. After washing with PBS, the sections were incubated with a mixture of Alexa Fluor 488-labeled secondary antibodies (1:2,000 dilution; Invitrogen), tetramethylrhodamine isothiocyanate (TRITC)-labeled phalloidin (0.15 M; Sigma-Aldrich), and Hoechst 33342 (100 ng/ml; Invitrogen) in PBS containing 5% FBS at 20°C for 1 h. The sections were mounted on antifade glycerol (90% glycerol, 10% 10ϫ PBS, and 0.1% 1,4-phenylenediamine at pH 7.4). Fluorescence was detected using an Axiovert 200 M epifluorescence microscope (Carl Zeiss). The fluorescence images were obtained with a CCD camera (AxioCam HRm, Carl Zeiss) and processed with AxioVision 4.1 software (Carl Zeiss).
The fluorescence signals representing NCC in the apical membrane and intracellular vesicles of late distal tubules were quantified and compared. Six to eight late collecting ducts from freshwater or seawater mefugu (n ϭ 3 for each condition) were randomly selected, and images were obtained with a TCS-SPE (Leica) confocal microscope using the same settings. A line profile analysis was performed on each image using LAS AF software (Leica). The intensity of fluorescence was measured along a 25-m line (10-m width) from apical to basal at intervals of 0.09 m; the strength of the luminal signal was used as background. The relative intensity of each signal was calculated and plotted on the basis of an assumption that the integrated intensity of all signals was 1. The relative intensities in a 1.8-m region around the apical membrane and the next 9 m in the cytosol were totaled and defined as the signals for the apical membrane and intracellular vesicles, respectively. Data are expressed as the means Ϯ SE. Significant differences at P Ͻ 0.01 were determined using two-sample Student's t-tests and GraphPad Prism software (San Diego, CA).
RESULTS
Identification of torafugu NCC and NKCC2 genes.
A single NCC gene and four NKCC genes were identified in the fugu genome database. No ENaC gene was found from the fugu genome database or in the genome databases of any other teleost (spotted green pufferfish, three-spined stickleback, medaka, and zebrafish) (data not shown), although genes were identified in tetrapods and elasmobranch (elephant shark) (52) .
Next, we constructed a phylogenetic tree to determine the relationships among the torafugu NCC and NKCC genes and related genes from other organisms (Fig. 1) . The tree shows a single torafugu gene encoding a conventional NCC (Slc12a3), which has been characterized in flounder and mammals (16, 31) . Moreover, torafugu lack the fish-specific NCC (Slc12a10) that has recently been found in eel, tilapia, and zebrafish and shown to be specifically expressed in the yolk sac membrane and gills (11, 21, 23) . Torafugu also have a single NKCC2 gene, whereas two NKCC1 genes were identified. In mammals, NCC and NKCC2 are known to localize to apical membranes and are involved in salt reabsorption in the kidney (15, 40) . Here, we have focused on fugu NCC and NKCC2.
Cloning of mefugu NCC and NKCC2. To determine the amino-acid sequences of mefugu NCC and NKCC2, fulllength cDNAs were isolated from the kidney of freshwater mefugu using RT-PCRs. The nucleotide and amino-acid sequences of mefugu NCC are 99.1% and 98.3% identical to the predicted sequences of torafugu NCC, respectively. The nucleotide and amino-acid sequences of mefugu NKCC2 are 98.9% and 98.4% identical to the predicted sequences of torafugu NKCC2, respectively. Mefugu NCC consists of 1,024 aminoacid residues and has 12 predicted transmembrane segments (see Supplemental Fig. S3 in the online version of this article). Fig. 1 . A phylogenetic tree of Na ϩ -Cl Ϫ cotransporter (NCC) and Na ϩ -K ϩ -Cl Ϫ cotransporter 2 (NKCC2) proteins. The relationships among conventional NCC (Slc12a3), fish-specific NCC (Slc12a10), NKCC1 (Slc12a2), and NKCC2 (Slc12a1) are shown. The fugu genome contains only one NCC gene and lacks the fish-specific NCC gene, which is specifically expressed in the yolk sac membrane and gill (21) . Mefugu NCC and NKCC2 are shown in bold. The phylogenic tree was constructed using the neighbor-joining method with ClustalW (51) and MEGA4 (49) Mefugu NKCC2 consists of 1,032 amino-acid residues and has 12 predicted transmembrane segments (data not shown). Alignment of mefugu NCC with other previously identified NCCs is shown in Supplemental Fig. S3 . The transmembrane segments and carboxy-terminal portion are well conserved, whereas the amino-terminal cytoplasmic domain varies among the different species. In mammals, the amino-terminal cytoplasmic domain is phosphorylated by such kinases as SPAK (Ste20/SPS1-related proline/alanine-rich kinase) and OSR1 (oxidative stress response 1), which regulate the translocation of NCC to the plasma membrane (41) . Three of five phosphorylation sites are conserved in mefugu NCC, although the motif that interacts with SPAK/OSR1 is missing. In addition, we identified two N-glycosylation sites in the seventh loop.
Renal expression of NCC and NKCC2. The expression levels of NCC and NKCC2 in the kidney were analyzed using semiquantitative RT-PCRs and real-time PCRs (Fig. 2) . In real-time PCR experiments, NCC, NKCC2, and GAPDH exhibited a single melting peak at 83.4, 84.8, and 82.7°C, respectively, in melting curve analyses and a single band of 163, 169, and 71 bp in agarose gel electrophoresis, respectively (data not shown). NCC was highly expressed in the kidneys of freshwater and seawater mefugu but was weakly expressed in kidneys from seawater torafugu, komonfugu, and higanfugu pufferfishes (Fig. 2A) . The expression levels of NCC in the kidney of freshwater mefugu were 2.7 and 1,000 -5,000 times higher than those detected in seawater mefugu and seawater pufferfishes, respectively (P Ͻ 0.01, Fig. 2B ). The detection of low-level NCC expression in the kidneys of torafugu, komonfugu, and higanfugu was not due to an inability of the primers to bind the target sequences, because the same primers showed high levels of NCC expression in the urinary bladders of all species tested (Fig.  2B) . In contrast to NCC, high levels of NKCC2 expression were observed in kidneys from mefugu, torafugu, komonfugu, and higanfugu (Fig. 2) . These results indicate that the expression of NCC in the kidney is related to the adaptability of pufferfish to freshwater; the expression of NCC in mefugu kidney, for example, was upregulated in freshwater. The expression levels of NCC in the gills of mefugu and torafugu were very low (Fig. 2B) , suggesting that Takifugu NCC does not compensate for the function of Slc12a10.
In situ hybridization and characterization of nephron segments. The mRNA distributions of NCC and NKCC2 in the kidney of freshwater mefugu were analyzed using in situ hybridizations. DIG-labeled antisense cRNA probes for NCC and NKCC2 produced strong signals in the renal tubule, and no hybridization was observed with the sense probe ( To identify the nephron segments that expressed NCC and NKCC2, serial sections were stained with hematoxylin-and-eosin or anti-Na (Figs. 3 and 4) . The NKCC2-positive segments were characterized by an absence of brush borders, weak staining with eosin, cuboidal epithelial cells with centrally located nuclei, and deep basolateral infoldings that were labeled by anti-Na ϩ -K ϩ -ATPase antibodies. These results indicated that NKCC2 was expressed in the distal tubules. The NCC-positive segments consisted of two regions. The first region was characterized by columnar epithelial cells with centrally located nuclei, thin surrounding connective tissues, an absence of brush borders, weak staining with eosin, and deep basolateral infoldings. The second NCC-positive region was characterized by large-diameter tubules, thick surrounding connective tissues, columnar epithelial cells with inconsistently located nuclei, an absence of brush borders, weak staining with eosin, and deep basolateral infoldings. These observations indicate that NCC is expressed in the early (small) and late (large) collecting ducts (the early collecting duct is also referred to as the late distal tubule or collecting tubule). No NCC or NKCC2 expression was detected in the glomeruli and proximal tubules, which are characterized by brush borders, staining with eosin, and shallow basolateral infoldings that are labeled by anti-Na ϩ -K ϩ -ATPase antibodies (19, 27, 50). (Figs. 3B and  4B ). DIG-labeled antisense cRNA probe for NKCC2 produced strong signals only in the collecting ducts, and no hybridization was observed with the sense probe. In the torafugu kidney, the late proximal tubule and the collecting duct are not directly linked, but rather are connected via another segment (Fig. 3B) . This segment did not express NKCC2 and was weakly labeled with anti-Na ϩ -K ϩ -ATPase antibodies. We have called this segment the "connecting tubule" in this study, but we did not analyze it in more detail.
Antibody preparation and specificity. Rat polyclonal antiserum was raised against a recombinant protein containing a fragment of the cytoplasmic carboxy terminus of mfNCC (mf for mefugu; see Supplemental Fig. S3 in the online version of this article). We chose this region as the antigen owing to the low homology between NCC and NKCC (see Supplemental Fig. S5 in the online version of this article). Immunocytochemical and immunoblot analyses of COS7 cells expressing FLAG-mfNCC or FLAG-mfNKCC2 demonstrated that anti-mfNCC antiserum recognized mfNCC but not mfNKCC2 (Fig. 5) . The expression of the FLAG-tagged proteins was confirmed using anti-FLAG antibodies. The anti-mfNCC antiserum and anti-FLAG antibodies produced similarly strong signals in immunohistochemistry experiments (Fig. 5, A and B) , whereas the anti-mfNCC antiserum resulted in a fainter band in Western blot analysis (Fig. 5D) ; therefore, this antibody appears more suitable for immunohistochemical staining of NCC.
Apical localization of mfNCC and downregulated expression during acclimation to seawater. Immunohistochemical analyses were performed on frozen kidney sections from freshwater and seawater mefugu using anti-mfNCC antiserum. Results are presented at low magnification to show overall staining patterns (Fig. 6A) . Costaining with marker proteins to identify the mfNCC-positive cells are shown at high magnification (Fig. 6B) , in addition to the subcellular localization of mfNCC (Fig. 7) . In freshwater mefugu, strong mfNCC-specific signals were detected in or near the apical membrane of the early and late collecting ducts (Fig. 6B, e-h; Fig. 8 ), but not in the proximal and distal tubules (Fig. 6B, a-d) . The proximal tubules were identified by staining the apical brush borders with the F-actin marker phalloidin-TRITC (27) , whereas the distal tubules were identified on the basis of the deep basolateral infoldings labeled with anti-Na In contrast, staining in or near the apical membrane was markedly reduced in seawater mefugu, with a concomitant in- FLAG-mfNKCC2 (B) , or vector alone (C) were stained with anti-mfNCC (green) and anti-FLAG (red) antibodies. Nuclei were stained with Hoechst 33342 (blue). D: Western blot analysis. COS7 cells were transfected with constructs encoding FLAG-tagged mfNCC (FLAGmfNCC) or mfNKCC2 (FLAG-mfNKCC2), or vector alone (mock), and the cell lysates were analyzed by Western blot analysis using anti-mfNCC (left) and anti-FLAG (right) antibodies. Arrow indicates the position of FLAG-tagged mfNCC and mfNKCC2. crease in vesicular staining in subapical regions (Fig. 7) . Quantification of the staining intensity using line profile analyses showed that the percentage of apically localized NCC was reduced from 47 Ϯ 8.8% to 18 Ϯ 1.4% after the fish were acclimated to seawater. At the same time, the percentage of vesicular NCC increased from 51 Ϯ 8.1% to 77 Ϯ 1.4%. Of note, no significant signals were observed in the torafugu kidney (data not shown). These results strongly suggest that Na ϩ and Cl Ϫ are reabsorbed via NCC, allowing the production of hypotonic urine in freshwater fishes. Moreover, NCC activity appears to be regulated by reversible translocation of the transporter between the plasma membrane and intracellular vesicles.
DISCUSSION
Freshwater fishes maintain body fluid homeostasis by excreting water as hypotonic urine (30) . Interestingly, kidneys from a wide variety of teleost species were histologically examined in the 1960s (19, 38) . These reports demonstrated that all of the examined freshwater fishes shared a basic nephron structure, including a distal tubule, whereas marine teleosts usually lack the distal tubule (two exceptions among the ϳ100 examined species were Plotosus anguillaris and Anago anago). Euryhaline species usually have nephrons similar to those of freshwater fishes, and distal tubules are lacking only in species that spend most of their lives in seawater. These findings suggest that adaptability to freshwater A: schematic representations of a mammalian nephron and a pronephric duct from zebrafish larva (55) . B: schematic representations of nephrons from mefugu and torafugu, which were analyzed in this study. C and D: hypothetical models of urine dilution via NKCC2 and NCC in the distal tubule and the collecting duct of freshwater mefugu. In freshwater-acclimated mefugu, apically located NKCC2 and NCC reabsorb luminal Na ϩ and Cl Ϫ in a concentration-dependent manner under water-impermeable conditions. The cytosolic concentrations of Na ϩ and Cl Ϫ are maintained at low levels by basolateral Na ϩ -K ϩ -ATPases and Cl Ϫ channels. In the distal tubule, apical K ϩ channels maintain the luminal K ϩ at a concentration required for NaCl absorption by NKCC2, and generate a lumen-positive transepithelial voltage. In seawater-acclimated mefugu, NCC is not detected on the apical membrane, possibly due to internalization and/or downregulated expression. The hypothesized presence of the ROMK2 K ϩ channel and the ClC-K Cl Ϫ channel is based on studies of their expression profiles in the pronephric duct of zebrafish (55) and tilapia kidney (34) . E: a hypothetical model for concentration of urinary divalent ions (i.e., water absorption) in the collecting duct of torafugu. The mechanism for NaCl absorption is similar to that proposed for the distal tubule of mefugu. In the collecting duct of torafugu, NaCl absorption may be accompanied by water absorption. NKCC2-mediated water absorption is also proposed on the basis of the intestine of seawater fish (48) . F: Counteraction of proximal secretion of NaCl by its distal reabsorption to produce a large volume of dilute urine in the nephron of freshwater fishes. Gradation in the lumen shows a schematic representation of NaCl concentration. In freshwater fishes that excrete NaCl in the proximal tubule (a) to increase the urine volume by drawing intracellular and interstitial water into the intratubular space (b), NCC and NKCC2 in the distal tubule and collecting duct play key roles in producing a copious volume of dilute urine by reabsorbing the proximally secreted NaCl (c and d). P and PT, proximal tubule; HL, Henle's loop; TAL, thick ascending limb; DCT, distal convoluted tubule; D, distal tubule; DE, distal early; DL, distal late; C, collecting duct; ClCK, kidney-specific chloride channel; ENaC, epithelial sodium channel; TG, tight junction; FW, freshwater; NCC, Na
Ϫ cotransporter 2; ROMK2, renal outer medullary K ϩ channel 2; SW, seawater; GF, glomerular filtrate.
and the presence of the distal tubule are closely correlated. The kidney structures of the Takifugu species used in this study (mefugu and torafugu) conform to this rule, namely euryhaline mefugu has a distal tubule, whereas the seawater fish torafugu does not (27) . No studies of the kidneys of freshwater and seawater fishes, however, have identified alterations in gene expression that may explain these morphological differences.
A previous micropuncture study of renal tubules isolated from euryhaline killifish detected a net secretion of Na ϩ and Cl Ϫ from the proximal tubule (9); this contrasts with mammals, in which the proximal tubule is the major site of Na ϩ and Cl Ϫ reabsorption. The distal tubule of rainbow trout actively reabsorbs Na ϩ and Cl Ϫ and has been characterized as a diluting segment (37) . Although the role of the collecting duct in Na ϩ and Cl Ϫ reabsorption has not been well analyzed in teleosts, the collecting duct is a major site of Na ϩ and Cl Ϫ reabsorption in freshwater-acclimated river lamprey (35) (reviewed in Refs. 4 and 12) . In the present study, we used a fugu genome database to clone mefugu NKCC2 and NCC, determined the expression profiles of these cotransporters in the kidneys of euryhaline (mefugu) and seawater (torafugu) pufferfishes, and proposed models for Na ϩ and Cl Ϫ reabsorption in the distal tubule and collecting duct of teleost fishes.
In the kidney of freshwater mefugu, NKCC2 is expressed in the distal tubules, and NCC is expressed in the collecting ducts (Fig. 8B) . These results suggested that NKCC2 and NCC play key roles in Na ϩ and Cl Ϫ reabsorption, which is essential for the production of hypotonic urine and freshwater acclimation. Models for Na ϩ and Cl Ϫ reabsorption in the distal tubule and collecting duct are shown in Fig. 8, C and D, respectively. These models also indicate that the distal tubule and collecting duct of freshwater and euryhaline fishes are functionally analogous to the thick ascending limb and distal convoluted tubule of mammals, respectively. Previous results have shown that the distal tubules of American eel and rainbow trout contain a lumen-positive transepithelial voltage and that luminal Na ϩ and Cl Ϫ both are required to generate the transepithelial potential difference (37, 44) . Moreover, the transepithelial voltage is eliminated by the luminal addition of furosemide, a diuretic drug that blocks the activity of NKCC2 in the thick ascending limb of the mammalian kidney (37, 44) . Our demonstration of mfNKCC2 expression but not mfNCC expression in the distal tubule (Figs. 3 and 4) provides new evidence that NKCC2 mediates luminal Na ϩ and Cl Ϫ reabsorption in the distal tubule, a diluting segment in freshwater fish. The lumenpositive transepithelial voltage may be generated by apical renal outer medullary K ϩ channel 2 (ROMK2) (Fig. 8C ), which are expressed in the thick ascending limb of mammalian kidney and the distal early segment of the pronephric duct in zebrafish larva (53, 55) .
The localization of mfNCC at the apical membrane of collecting ducts was unexpected because, in mammals, the collecting duct reabsorbs Na ϩ via ENaC, and NCC is not expressed (7, 29) . ENaC genes, however, have been found in tetrapod animals and elasmobranch (45, 52) but not in any teleost. A database search of the genome sequences of five teleost fishes (fugu, Tetraodon, medaka, zebrafish, and stickleback) found no homologs of the ENaC gene, and it is now widely believed that teleost fishes lost the ENaC gene during evolution (52) . A study of renal responses to diuretic drugs in freshwater catfish demonstrated that the NCC blocker hydrochlorothiazide produces marked chloruresis and natriuresis (36) ; hydrochlorothiazide was injected via a cannula placed in the caudal end of the dorsal aorta, just rostral to the trunk kidney that was efficiently but not exclusively exposed to the drug. Therefore, the chloruresis and natriuresis may have been caused by inhibition of NCC in the collecting duct, as well as the urinary bladder, both of which express high levels of NCC (Fig. 2) (11, 16) . These results suggest that fish collecting ducts also dilute urine by reabsorbing Na ϩ and Cl Ϫ mainly via NCC, which compensates for the absence of ENaC (Fig. 8D) .
In the kidney of seawater mefugu, NCC mRNA expression levels and apical-membrane localization of NCC were significantly reduced (Figs. 2B and 7) . In addition, only low levels of NCC expression were observed in the kidneys of seawater pufferfishes (Fig. 2) . The kidney expression of NCC is weak in winter flounder (seawater fish) (16) , but strong in European eel (euryhaline fish) and zebrafish (freshwater fish) (11, 54) . These results suggest that NCC in the kidney is essential for fish to live in freshwater but not seawater, and there is a relationship between renal expression of NCC and the adaptability of pufferfish to freshwater.
In contrast to NCC, the kidney of seawater mefugu expresses NKCC2 at levels comparable to those observed in freshwater mefugu (Fig. 2) . Because we were unable to develop a good antibody against NKCC2 (data not shown), the intracellular distributions of NKCC2 have not been compared among freshwater mefugu, seawater mefugu, and torafugu. It is likely, however, that NKCC2 plays a significant role in mefugu acclimation to seawater, because seawater pufferfishes (torafugu, higanfugu, and komonfugu) express high levels of NKCC2 in the kidney (Fig. 2) . In torafugu, NKCC2 in the collecting duct may eliminate Na ϩ and Cl Ϫ from the primitive urine to reduce the urine volume (Fig. 8E) , and, in seawater mefugu, NKCC2 in the distal tubule and reduced NCC activity in the collecting duct may have a similar function.
Seawater acclimation of mefugu resulted in a 2.7ϫ decrease in renal expression of NCC (Fig. 2B ) and 3ϫ decrease in the relative membrane localization of NCC (Fig.  7 ). These results demonstrate that the activity of NCC is negatively regulated in seawater at both transcriptional and posttranslational levels. Vesicular NCC detected in the kidney of seawater mefugu (Fig. 7) may, therefore, represent a cytoplasmic pool of internalized apical transporters and/or a store of newly synthesized NCC. Recently, membrane trafficking of NCC to the cell surface has been shown to be regulated by with-no-lysine (WNK) kinases in mammals (14, 43, 58) . WNK is a family of serine/threonine kinases, and mutations in WNK1 or WNK4 cause pseudohypoaldosteronism type II, an autosomal dominant disease characterized by hypertension (32, 58) . In mammals, WNK kinases regulate membrane localization of renal transporters and channels, such as NCC, NKCC2, ENaC, and ROMK (10, 46, 47) . NCC is regulated by WNK through SPAK and OSR1, which directly phosphorylate NCC (41) . Although the SPAK/OSR1-binding motif in mammalian NCC is not conserved in mefugu NCC, some common serine and threonine residues are present. These conserved serine and threonine residues may be used for phosphorylation-dependent regulation of NCC levels.
Perspectives and Significance
Mefugu NCC is a member of the conventional subfamily of NCC proteins (Fig. 1) , which are found in a wide variety of animals. In the present study, we showed that the NCC is highly expressed in the collecting duct of the mefugu kidney. The gill is another important osmoregulatory tissue in teleosts. Recently, a fish-specific isoform of NCC was identified that is specifically expressed in the mitochondrion-rich cells of the gill epithelium and appears to be involved in Na ϩ and Cl Ϫ uptake in certain freshwater fish species (21, 24, 54) . No gene encoding this fish-specific NCC was identified in the mefugu genome (Fig. 1) , and the conventional NCC was not markedly expressed in the gill (Fig. 2) (11, 16, 54) , suggesting that a NCC-independent mechanism is operating in the gills of freshwater mefugu to absorb sodium ions; one possibility involves NHE3, as previously proposed by this group, Choe et al., and Yan et al. for the Osorezan dace (20) , Atlantic stingray (8) , and zebrafish (57), respectively. Future studies will focus on the regulatory mechanisms that govern NCC and NKCC2 gene expression and how the various nephron segments are formed. Of note, retinoic acid is required to induce proximal segment fates and prevent the expansion of distal segment fates in zebrafish, whereas the caudal (cdx) transcription factors are necessary for positioning the pronephros along the embryonic axis (55) . The speciation date of Takifugu is estimated to be ϳ2.4 million years ago (56) . Although it is unclear whether the ancestral species was more closely related to mefugu or torafugu, the differences in NCC and NKCC2 expression, nephron structure, and habitats between mefugu and torafugu have evolved recently. Therefore, mefugu and torafugu are useful models to study adaptation of fishes to freshwater and seawater at the molecular and evolutionary levels.
